The role of terminal deoxynucleotidyl transferase (TdT) in the insertion of N regions into the junctional sites of immunoglobulin genes was investigated. Pre-B-cell lines capable of continuous rearrangement of immunoglobulin light-chain genes and differing only in the presence or apparent absence of TdT were derived by infecting cells with a TdT retroviral expression vector or a control vector. The cell lines were then superinfected with a retrovirus-based artificial immunoglobulin gene rearrangement substrate. The substrate was allowed to rearrange in the cell lines and the rearranged proviruses were rescued from the cell lines. Nucleotide sequence analysis of the V-J junctions of the proviral rearranged genes showed a fivefold greater frequency of N-region insertion in proviruses rescued from the TdT+ cell lines than in those rescued from the TdT-cell lines, so that at least 50% of the rearrangements that occurred in the presence of TdT had N regions. It is thus evident that TdT can stimulate N-region insertion, and the enzyme is presumably directly responsible for adding nucleotides at V-J and other immunoglobulin and T-cell receptor gene junctions.
The role of terminal deoxynucleotidyl transferase (TdT) in the insertion of N regions into the junctional sites of immunoglobulin genes was investigated. Pre-B-cell lines capable of continuous rearrangement of immunoglobulin light-chain genes and differing only in the presence or apparent absence of TdT were derived by infecting cells with a TdT retroviral expression vector or a control vector. The cell lines were then superinfected with a retrovirus-based artificial immunoglobulin gene rearrangement substrate. The substrate was allowed to rearrange in the cell lines and the rearranged proviruses were rescued from the cell lines. Nucleotide sequence analysis of the V-J junctions of the proviral rearranged genes showed a fivefold greater frequency of N-region insertion in proviruses rescued from the TdT+ cell lines than in those rescued from the TdT-cell lines, so that at least 50% of the rearrangements that occurred in the presence of TdT had N regions. It is thus evident that TdT can stimulate N-region insertion, and the enzyme is presumably directly responsible for adding nucleotides at V-J and other immunoglobulin and T-cell receptor gene junctions.
Terminal deoxynucleotidyl transferase (TdT) is a unique DNA polymerase that without template direction catalyzes the addition of deoxyribonucleotides onto the 3'-hydroxyl ends of DNA primers (5, 15) . It is present in the immature fraction of thymocytes, in a small fraction of bone marrow cells, in transformed pre-B-and pre-T-cell lines, and in leukemic cells (8, 10, 18, 27, 35) . The enzyme is composed of a single polypeptide chain of molecular weight 58,000 (6, 29, 36) . cDNA clones have been isolated representing mouse (20) , human (31) , and bovine (17) TdT.
Initially, it was thought that TdT might be responsible for the generalized somatic mutation seen throughout the variable regions of immunoglobulin genes (2) . Later, it became evident that this somatic mutation process takes place in the later stages of B-lymphoid development (13) , when TdT is no longer present (18) , and somatic mutation probably does not occur at all in T-lymphoid cells (9) . Another suggestion for the function of TdT is that it might be responsible for insertion of small numbers of nucleotides of largely random sequence at the DNA joints formed during the construction of immunoglobulin genes from germ line gene fragments. The sequences of an odd rearrangement in a heavy-chain gene first suggested this notion (1) , and further studies of joints formed in cells containing or lacking TdT have substantiated it (4, 11, 39) . Sequences not evident in surrounding germ line DNA have been observed at V-D and D-J junctions of both immunoglobulin heavy chains (19) and T-cell receptor genes (3) but not at the V-J junctions of immunoglobulin light-chain genes (34) . An explicit proposal is that these nucleotides or nucleotide regions (N regions) result from the polymerization of random nucleotides by TdT onto free 3' ends of DNA exposed during gene rearrangement (1 (32) . We had initially planned to use a full-length mouse cDNA isolated by using a partial cDNA (20) . This clone, however (referred to henceforth as M-TdT), yielded only inactive protein when tested in bacteria and has been used as a negative control. The nucleotide sequence of M-TdT was identical to that of a previously reported murine TdT cDNA with the exception of a small number of point mutations (17) . The cDNAs for the inactive M-TdT and active HM-TdT were trimmed of 5' and 3' untranslated regions and inserted into the pDOL plasmid that produces the DOL retrovirus (17a), yielding pDOL-M-TdT and pDOL-HM-TdT (Fig. 1A) . In addition to TdT, these retroviruses express the neo gene, encoding G418 resistance, driven by the simian virus 40 promoter (Fig. 1A) .
Cell lines that stably produced the DOL--TdT viruses were established and those producing the highest titers of G418' virus were used in further experiments. The structure of the proviruses in the virus producer cell lines and of 3T3 cells infected by the viruses produced by the cell lines was studied by DNA blotting analysis. This analysis showed that each line contained a single provirus whose size was identical to that of the intact DOL--TdT virus and that the viruses produced represented intact copies of the retroviral expression vectors (data not shown).
Expression of TdT enzymatic activity in TdT retrovial infected cells. The ability of the retroviruses to direct the synthesis of enzymatically active TdT in mammalian cells was initially tested by assaying for the presence of TdT in virus-infected 3T3 cell clones. Lysates prepared from DOL--M-TdT virus-infected cell lines showed insignificant levels of TdT activity. Each of the four DOL--HM-TdT virus-infected cell clones tested showed levels of TdT activity comparable to that found in the RL 11 cell line (Table 1) . RLc11 has been shown previously to synthesize a level of TdT similar to that of a normal, TdT+ thymocyte (10). There was no morphological difference between the TdT+ and TdT-3T3 cells, nor did the cell lines show a clear difference in their cell division rates. TdT expression at physiological levels is therefore not toxic to 3T3 cells.
The Abelson murine leukemia virus-transformed pre-Bcell line PD31 was then infected with the DOL--M-TdT and DOL--HM-TdT viruses. The cells were separated into 12 groups and grown in the presence of G418 to select for cells that had stably integrated and expressed the viral genome. Lysates of two DOL--M-TdT-infected PD31 cell lines showed no significant activity, whereas all three of the DOL--HM-TdT-infected PD31 cell lines tested showed TdT activity levels comparable to that of RLS11. Thus, DOL--HM-TdT can direct synthesis of physiological TdT levels stably in PD31 cells.
Introduction of an artificial gene rearrangement substrate into TdT-positive and -negative PD31 cells. An artificial gene rearrangement substrate, DGR, which could be efficiently introduced into lymphocytes was constructed in the DOL retroviral vector (17a) in a manner similar to that previously described (21) (Fig. 1B) . On the 3' side of the 5' long terminal repeat was placed the VK21-C gene with its flanking heptamer-nonamer sequences followed by the bacterial guanine-xanthine phosphoribosyltransferase gene (gpt) gene. Both genes were placed in the opposite transcriptional orientation from the viral long terminal repeat such that the full-length viral transcript could not encode gpt. On the 3' side of the gpt gene were placed two identical copies of the JK1 gene (the duplication of the JK1 gene segment relates to other uses of the DGR vector). Immunoglobulin recombinase-mediated inversion of the DNA containing the VK21-C and gpt genes can join the VK-21-C gene to either of the two JK1S, placing the gpt gene in the appropriate orientation and position to allow the proviral transcript to encode gpt protein, which can be measured as resistance to mycophenolic acid (Fig. 1C) PD31 cells were infected with the DGR virus by cocultivation with qf-iGR. The qf-iGR cell line contained a single copy of an intact DGR genome and did not rearrange the DGR virus with efficiencies detectable in these experiments (data not shown). After 3 days of cocultivation, the PD31 cells were removed from the fibroblast monolayer by gentle aspiration and cultured in the presence of G418 to select for infected cells followed by further selection for gpt expression in mycophenolic acid-containing medium. A second group of PD31 cells was infected with DOL--HM-TdT virus and selected in G418; the surviving cells were expanded for 2 weeks, at which time they were infected with DGR virus. Infection of these cells with the DGR virus could not be selected in G418 because the presence of the DOL--HMTdT provirus rendered both the DGR-infected and uninfected PD31 cells resistant to G418. Instead, the cells were separated into 24 populations to insure independence of the rearrangement events and selected directly in mycophenolic acid-containing medium, according to the strategy of Lewis et al. (21) . This treatment selected for cells containing a DGR provirus and which had, in addition, rearranged the DGR provirus allowing for expression of mycophenolic acid resistance. After 2 weeks of selection the vast majority of cells had died and been replaced by resistant cells. Approximately 80% of the wells showed growth.
The configuration of the VK21-C gene and the JK genes of DGR virus-infected PD31 cells was assessed by cleavage of DNA with BamHI plus HindIll. The cleaved DNA was size fractionated by agarose gel electrophoresis, transferred to a nitrocellulose filter, and hybridized to a radioactive probe derived from pBR322 sequences lying 3' to JK1-b in DGR (Fig. 1B, probe 1) . BamHI cleaved the unrearranged provirus at two closely spaced sites near the 3' end of the VK21-C gene, whereas HindIII cleaved at a single site in the neo gene, releasing a 3.8-kb BamHI-HindIII fragment (Fig.  1B) . Rearrangement of the DGR VK21-C gene to JK1-a or to JK1-b released 1.9-or 1.5-kb BamHI-HindIII fragments, respectively. DGR proviruses of several of the infected cell lines showed the expected 1.9-kb (Fig. 2, lanes 3, 10, and 12 ) and 1.5-kb (Fig. 2, lanes 4 through 8) fragments. None of the cell lines showed the 3.8-kb fragment indicative of the unrearranged DGR provirus. These results showed that the DGR provirus had rearranged in the PD31 cells such that VK21-C had joined to one or the other of the two JK1 genes.
Four fragments were observed whose sizes were close to but different from those expected. Two of the fragments could be explained by loss of the BamHI site closest to the V-J junction due to the deletion of nucleotides in this region which accompanies gene rearrangement. In this case, BamHI would cleave only at the BamHI site located 100 base pairs further upstream in the VK21-C gene, explaining the observation of fragments of 2.0 kb (data not shown) and 1.6 kb (Fig. 2, lane 12) instead of 1.9 and 1.5 kb. A third fragment of 1.8 kb was seen in several of the cell lines (Fig.  2, lanes 1, 4 through 9, and 11) . DNA sequencing showed that this resulted from an irrelevant deletion of approximately 100 base pairs due to a splicing artifact. This splice presumably occurred before packaging of the DGR retroviral DNA in the 4-iGR producer cell line. A fourth fragment of 1.4 kb probably arose by a splice analogous to that of the 1.8-kb fragment (data not shown).
The presence of more than one of the rearranged fragments in some of the cell lines (Fig. 2, lanes I PD31 cell lines containing independent insertions of the DGR provirus.
d HindIII-BamHI fragment size in kilobases of rescued plasmid. ' TdT was assayed in control cell lines by RNA blotting with a radioactive M-TdT probe. DOL--HM-TdT virus-infected cell lines were assayed for TdT activity as described in Materials and Methods. Units are arbitrary and set to 100 for the most active cell line. This cell line had activity equivalent to that of RLd 11. ND, Not detectable; NT, not tested. sponding sizes. Thus, it was possible by this method to rapidly and efficiently rescue single-copy or low-copynumber plasmids directly from the genomic DNA of cells. The rescued plasmids accurately reflected the proviruses contained in the DGR virus-infected PD31 cell lines.
Sequences of the VK21-C-JK1 junctions of the rescued plasmids. The nucleotide sequence of VK21-C-JK1 junctions of the rescued plasmids was determined by labeling the BamHI site of the plasmid DNA and subjecting the DNA to the sequencing reactions of Maxam and Gilbert (26) . Approximately 100 base pairs of sequence was determined for each fragment. Of the sequences derived from the control cell lines, all except for one of the eight V-J junctions contained direct joins of V,,21-C to JKJ-a or to JKJ-b with, as expected, loss of a few nucleotides (22) ( Table 2 ). Of the plasmids derived from DOL--HM-TdT virus-infected PD31 cells, 39% (7 of 18) showed non-germ line nucleotides at the VK21-C-JK1 junction ( Table 2 ). All of the N regions consisted of 1 or 2 base pairs, except for one 5-base-pair N region. Of the nucleotides further 3' of the V-J junction, all sequenced nucleotides corresponded to the sequence of JK1, indicating that the non-germ line-encoded nucleotides were not simply the result of a high mutation rate of nucleotides in DGR.
Because each DGR virus-infected PD31 cell clone contained an independent integration of the DOL--HM-TdT virus, it was possible that the cell lines expressed different levels of TdT. In addition it was desirable to test the TdT level in the control cell line that showed an N region to test for the presence of low-level TdT expression. The results of TdT assays of lysates prepared from several of the DOL--HM-TdT-infected cell lines showed that three of the cell lines had TdT levels that were not detectable over background (Table 2 ). These cell lines showed germ line V-J junctions. One of the cell lines contained two different DGR rearrangements. Of the rearrangements which showed Nregion addition, all (five of five) of the corresponding cell lines showed significant TdT levels. The TdT in the cell lines varied considerably from physiological to undetectable levels, probably due to differences in the integration site of the DOL-HM-TdT provirus in each cell line. To determine as sensitively as possible the TdT levels in the control cell line, 10.1, whose rescued plasmid showed an N region, RNA hybridization analysis was performed. Hybridization of a radioactive TdT probe to size-fractionated RNA from this cell line showed no detectable TdT RNA, whereas RL 11 showed a strong band (data not shown). The 10.1 cell line therefore contained at most a very low level of TdT.
DISCUSSION
We have investigated the role of TdT in the insertion of N regions into the junctional regions of immunoglobulin genes. Previous studies on the role of TdT in the insertion of N regions relied on cell lines which differed in TdT level but which also could have differed in the expression of gene products which might be coordinately regulated with the TdT gene (11, 39) . In the present study we sought to overcome this difficulty by establishing cell lines which differed from one another only by the expression of TdT. This was accomplished by the introduction of a TdT retroviral expression vector into a TdT-cell line. The resulting fibroblast and pre-B-cell lines showed physiological TdT VOL. 7, 1987 activity levels. TdT (33) , and the mechanism behind our observation could be similar. (39) and the same conserved heptamer-nonamer sequence (9) and rearrange at a stage of lymphocyte maturation during which TdT is present (18) . N-region diversity may take on added importance in the generation of the T-cell receptor repertoire in light of the apparent lack of somatic hypermutation of T-cell receptor genes (9), in contrast to immunoglobulin genes where such mutations play a large role in diversification (16) . The lack of somatic hypermutation may reflect the need to avoid modification in the periphery of the precise joint recognition of major histocompatibility product plus antigen that is established during thymic selection. The joint recognition process may even require that germ line sequence be maintained in T-cell receptor genes outside of the V-J junction region.
